A virtual enterprise (VE) is a temporary organization that pools member enterprises core competencies and exploits fast changing market opportunities. VEs offer new opportunities to companies operating with a growing numbers of participants (consumers, vendors, partners and others) in a global business environment. The success of such an organization is strongly dependent on its composition, and the selection of partners becomes therefore a crucial issue. Partner selection can be viewed as a multi-criteria decision making problem that involves assessing trade-offs between conflicting tangible and intangible criteria, and stating preferences based on incomplete or non-available information. In general, this is a very complex problem due to the large number of alternatives and criteria of different types (quantitative, qualitative and stochastic). In this paper we propose an integrated approach to rank alternative VE configurations using an extension of TOPSIS (a technique for ordering preferences by similarity to an ideal solution) for fuzzy data, improved through the use of a tabu search meta-heuristic. A sensitivity analysis is also presented. Preliminary computational results clearly demonstrate the potential of the approach for practical application.
Introduction
A virtual enterprise (VE) is a temporary alliance of independent and geographically dispersed enterprises set up to share skills or core competencies and resources in order to respond to business opportunities, the cooperation among the enterprises being supported by computer networks (Camarinha-Matos and Afsarmanesh, 2003) . This is considered one of the most promising business strategies for enterprises to face global competition (Chen et al., 2007) and it is meaningful in quite different contexts such as manufacturing, healthcare, tourism, transportation and others. The success of such an organization is strongly dependent on its composition. In this context, the selection of the right partners is crucial. The creation of a VE is usually triggered by an emerging market opportunity, giving rise to a "project" that is decomposable in relatively independent sub-projects or activities.
Therefore, before a VE is formed, the different inputs and outputs of each activity have to be clearly 
Therefore, before a VE is formed, the different inputs and outputs of each activity have to be clearly The problem of partner selection also arises when the VE needs to be reorganized by adding/expelling some members or by re-assigning tasks or roles in order to better cope with new market circumstances.
In this paper the focus is on developing a flexible multi-project/multi-period decision support tool to help the Decision Maker (DM) during the partner selection process. These questions, multiperiod dynamics and flexibility, are very important in the VE research field because of the temporary distinctive nature of this type of collaboration.
The proposed approach presents a hybrid algorithm that selects the partners taking a given the horizon into consideration and uses, for the first time in this field (for our best knowledge), a multiobjective multi-period metaheuristic combined with the TOPSIS technique in a fuzzy environment, to search and rank non-dominated potential VE configurations.
The flexibility of the approach arises from the possibility of choosing different objectives and constraints for each project and from the variety of variable types that the DMs can use to express their preferences. In general, in the previously published works, flexibility is small because the models are adjusted to a network with specific characteristics, e.g. operational costs or risk factors (Li and Liao, 2007) . This can be observed when we look at other methodologies that have been applied to solve the partner selection problem such as mathematical programming (Dotoli b et al., 2006) or fuzzy mathematical programming (Araz et al., 2007) , where the decision problem is formulated mathematically. The drawbacks of this lack of flexibility are even more apparent when we are forming a VE, because the decision environment can change a lot.
Other approaches require an intensive participation of the DM. This is, for example, the case of AHP, where the DM is required to perform pair-wise comparisons between the criteria and the supplier alternatives (e.g. Sari et al., 2007) . In order to overcome this inconvenient and to maintain the quality of the original data, we do not aggregate information, and therefore we do not make use of weights in the search phase. We believe that it is difficult for the DM, in this early phase where the solution space can be quite vast (the number of alternatives tends to infinite), to set weights on a realistic level and to understand the interdependencies among the objective functions. Different 3 weights provide different solutions but the same solution can be generated by different weights, and this may be confusing to the DM. Consequently, have chosen the Pareto non-dominated concept to perform our search (a solution is Pareto optimal if there are no other feasible solutions with higher value of some objectives without a lower value in at least one other objective). We only use weights at the final stage because we want the DMs to rank the criteria importance, using their expertise or experience, so that the obtained solutions are closer to their ideals.
In terms of information gathering, we know that the selection and evaluation of partners is a difficult problem due to the complex interactions between the different entities and because the expression of their preferences may be based on incomplete or partially non-available information. To deal with this problem under a multi-criteria perspective, we allow several types of information (numerical, interval, qualitative and binary) in order to facilitate the expression of the stakeholders' preferences or assessments about the potential partners. This is an important requirement in practice as the multiplicity of factors considered when selecting partners for a business opportunity such as cost, quality, trust and delivery time, cannot be expressed in the same measure or scale. In general, partner selection approaches do not use mixed types of variables, applying only fuzzy numbers (e.g.
Cao
c and Zhou, 2006), or linguist terms (e.g. Lin et al., 2007) , or numbers, indexes and ratios (e.g. Sari et al., 2007) . In cases where there is an attempt to use both quantitative and qualitative information, there is usually gone lack of flexibility, as we are forced to pre-define the scale cardinality (e.g. 9-scale or five-point likert scale, Araz et al. 2007 ).
The remainder of the paper is organized as follows. In Section 2 the problem is described, in Section 3 the literature on the domain is briefly surveyed, in Section 4 the method used to solve the problem is presented, in Section 5 an illustrative example is described and finally, in Section 6 some preliminary conclusions are presented.
Problem description
Assume a network representing all potential partners (companies) and their relationships. A specific entity is responsible for the VE formation process (this entity is here referred to as the 
4
Decision Maker or DM). Companies and relationships are characterised by a set of criteria, some assigned to the nodes and some assigned to the edges of the network. Part of these criteria will define the objectives and the constraints of the problem. The first step in this modelling process is to carefully define what criteria are going to be considered in both subsets. The DM will assign weights to the objectives according to his/her believes about their relative importance for the project under consideration.
The network includes a set of companies (nodes) connected with each other, capable of performing activities and of providing a finite amount of resources, available over specific intervals of time. From detected market opportunities, projects are created. A project involves a set of activities that demand a specific amount of resources and have to be performed within a given time interval.
These activities have a number of precedence relationships and therefore form an activity network.
Then the partner selection problem consists in choosing the best group of companies to perform all activities of a given project(s) taking into account a set of objectives and constraints In what follows we present a general model for the problem: 
Constraints (4) state that the sum of costs cannot be larger than the global budget for the project under analysis. Constraints (5) impose that candidate j, if contracted to perform activity i in period t, can provide up to Q ip units of the product in that period. Constraints (6) impose the precedence relationships between activities, i.e., states that, for two activities i and k with a precedence relation, execution of k (s kp ) can only begin after i finishes. Constraints (7) ensure that the project is completed no later than the project deadline, i.e., the last activity of the project s must be equal or less than the project due time. Constraints (8) impose that, for any period for a given activity, only one candidate (or group of enterprises working as an individual element) can be selected. Finally, constraints (9) and (10) ensure that the time interval when the resources of candidate j are available fits the "time window" for activity i (Figure 1 ), and constraints (11) impose that, for each additional constraint, a minimum (maximum) value has to be accomplished. Other constraints, related to third party logistics (3PL), might be included but, as an alternative, these aspects can be covered by the objective function, considering some additional criteria. Three classification criteria have been adopted for categorising the reviewed articles:
-Research context: virtual enterprise/dynamic alliance, manufacturing, and supply chain/network; -Methods used to solve the problem (almost all the research papers we found use hybrid algorithms); -Criteria/factors on which the partner selection is based. The findings from this survey (57 papers) can be summarised as follows. 1) 74% of the papers were published in the last two years (since 2005).
2) In terms of research context (table 1), 51% of the papers are on virtual enterprises, 17% on manufacturing, and 32% on supply chains. Although there is a large number of papers published in this area (supply chain, network design), many of them have not been considered in the survey because they do not tackle partner selection as an isolate problem, but try rather to optimize or create a chain/network configuration considering questions such as localization, inventory management and/or transportation.
3) Although 90% of the papers describe hybrid methodologies, the quantitative approaches to partner selection can nevertheless be grouped into three main categories: optimization approaches (exact and heuristic algorithms) -56%; multi-criteria decision aiding (such as AHP, MAUT, fuzzy set From this survey, it is also possible to draw some useful preliminary conclusions about the main research trends for partner selection in a virtual enterprise context, namely there is:
-an enormous concern about optimising the solution, i.e. to select the right partner; -a need to obtain complete and diversified information (multiple attributes) about each potential partner; -subjectivity in the data; -a need to facilitate the expression of the decision maker's assessments about the potential partners;
-a real concern with dynamic aspects (i.e. time dependent issues). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 peer-00547665, version 1 -17 Dec 2010 The classic model based on risk and cost factors is a 0-1 integer programming with a nonlinear objective and several inequality and equality constraints (Cao and Gao, 2006) . Due to the complexity and the nonlinearity of the model, it cannot be efficiently solved by conventional methods.
Developed approach
With exact algorithms it is in general impossible, for large problems, to obtain a satisfactory solution in a reasonable computational time. Metaheuristics assume therefore an important role in solving this kind of problems.
In this work, we have implemented a Tabu Search (TS) metaheuristic (see e.g. Glover and Laguna 1997) . By a memory mechanism, TS is able to forbid certain movements during the search process, in order to diversify it. To do this, it stores the most recently accepted solutions or solution attributes (in a "tabu list") so that solution cycling is prevented (this is one of the main competitive advantages of TS when compared with other heuristic approaches). In our problem, by repeatedly running these algorithms, it is possible for a given project, to generate a large set of solutions taking into account the different attributes (thus generating a set of "trade-off" solutions). However, this set should also be small enough to be treatable and understandable by the DM. Moreover, it should cover the entire "trade-off curve", i.e. it should contain solutions that represent well the different possible compromises between the attributes. Ideally we would like to have a representative set of nondominated alternative solutions.
A solution (i.e. a potential VE configuration) is represented by a set of companies in the network, associated to the different project activities, along with the corresponding attribute values. In implementation terms, the set of initial solutions is generated through the following simple process:
• Create a table of enterprises, activities and constraints (e.g. capacities). A given activity may be performed by a group of enterprises if, for example, separately they do not have enough resources. In this case, the group of enterprises is added to the network as a single unit and the attribute values associated to this unit result from the attribute values of the different enterprises.
• By scanning that table, a candidate solution (set of enterprises) is created that optimizes each criterion considered separately. This means that this initial set is composed by as many solutions as criteria. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 peer-00547665, version 1 -17 Dec 2010 This exploration of the neighbourhood is repeated until the search cannot reach any alternative solution (i.e. non-dominated alternative) during a constant number of consecutive iterations (in our case, 5000 iterations). The search only accepts feasible solutions. An intensification strategy is adopted after a given number of consecutive dominated solutions are found, and this strategy consists of re-starting the procedure with one of the non-dominated start solutions kept.
Multi-attribute decision-making

Linguistic Approach
There are many decision situations in which the attributes cannot be assessed precisely in a quantitative form, due to their particular nature (e.g. trust) or because either information is unavailable or the cost of their computation is too high. In these situations an "approximate value" may be acceptable and so the use of a qualitative approach is appropriate (Herrera et al., 2004) . "Linguistic variables" will represent qualitative aspects, with values that are not numbers but words or sentences in a natural language, thus making it easier to express preferences. Since linguistic variables are not 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 peer-00547665, version 1 -17 Dec 2010 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 peer-00547665, version 1 -17 Dec 2010 
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In our work, we accept different types of variables: numerical, interval, and linguistic and, in the case of linguistic variables, we also accept different cardinalities for S, and different semantics in the term set, depending on the DM and/or the attribute in question. This becomes an advantage as it allows the DM to be more or less detailed, when dealing with different attributes.
Fuzzy TOPSIS procedure
TOPSIS is one classical Multi-Criteria Decision-Making method, developed by Hwang and Yoon (1981) . Based on the idea that the chosen alternative should be as "close" as possible to the positive ideal solution and, on the other hand, as "far" as possible from the negative ideal solution (see Figure 2 ), the method is very easy to implement. However, it assumes the satisfaction of the following requirements: a previous assignment of weights to the attributes by the DM, and a fixed, pre-defined number of alternatives (Shih et al., 2004) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 peer-00547665, version 1 -17 Dec 2010 and between each alternative i and the fuzzy negative ideal solution (eq. 13) 10. Compute the "closeness coefficient" to determine the ranking order of all alternatives (eq. 14)
where N is the total number of alternatives and M the set of criteria and ij v + = (1, 1, 1) is the fuzzy positive ideal solution and ij v = (0, 0, 0) is the fuzzy negative ideal solution for each criterion (benefit or cost criterion).
Our approach presents some differences to the standard procedure namely: a) To construct the fuzzy decision matrix we first need to transform the numerical values, interval values and linguistic terms into fuzzy sets (see Herrera et al., 2004 ) by using equation (11).
Due to the incommensurability among attributes, to do this transformation we previously need to normalize the values of the attributes (thus not requiring to do step #6 above). The most commonly used normalization method is as follows (Wang b and Parkanc, 2006):
, min max
where X = n×m is a decision matrix, z ij are the normalized attribute values, min j x = min 1 i n {x ij }, max j x = max 1 i n {x ij }, and the sets 1 and 2 are, respectively, the sets of benefit attributes and cost attributes. configuration. This obviously leads to some loss of information. To avoid it we consider some artificial attributes that characterize the solution itself. In this way, for a given project with I activities and a network of enterprises characterized by M attributes, the solution includes the enterprises that will perform the I activities (M × I attributes). Following this principle we do not need to perform any aggregation and we keep all the information of all enterprises in the solution.
c) Instead of using fuzzy numbers in the fuzzy decision matrix we use fuzzy sets since we want to give more autonomy to the DM (through the use of different and more extensive cardinality ranges in linguistic attributes). Therefore we use distance formulas for membership functions (see
Balopoulos et al. 2007). For any two fuzzy sets A, B f(S(X)), with membership functions µ and ,
respectively, we use the following normalized euclidean distance:
Sensitivity Analysis
Sensitivity analysis adequately reflects the final DM's assessments about the criteria importances, since they are determined subjectively. In the example below, the weights are given in terms of a percentage, but it is possible that the DM uses linguistic terms to express the criteria importances. The DM certainly wishes to identify the impact of changes in the weight coefficients on the ranking order obtained. This analysis is made by changing each weight criterion, maintaining the others constant, i.e. with the same proportionality, in order to obtain stability intervals for each criterion.
Illustrative example
Assume we would like to form a VE to perform 2 projects decomposed in 6 activities each (Table 3) . Project 1 can start immediately and has to be completed before day 165. Project 2 can start We can notice that there are conflicts between activities concerning the use of the same resource, for example, activities D and G require resource 8 at the same time. To avoid these situations and to Afterwards, we calculated the ranking of the non-dominated alternatives set, shown in table 6, through the computation of the distances between each alternative and the fuzzy set positive and negative ideal solutions, as well as the "closeness coefficients". Only at this stage, do we make an aggregation of information, in order to show the results to the DM in understandable way. Otherwise,
the DM was forced to analyze which would be the best alternative for each criterion, which could be tedious and difficult. Moreover, in spite of the fact that, in our example, the best alternative has the shortest distance to d+ and the highest distance to d-, that may not be the case and then it would be 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Sensitivity analysis
The stability intervals of each criterion, see Figure 7 , show the intervals where the first position of the ranking previously obtained (table 6) 
Conclusions
Partner selection in VE is a critical process and consists in choosing the entities to be involved in an emergent business opportunity, according to their attributes and interactions. The work presented in this paper is in line with the key trends we have identified in a comprehensive literature survey, by namely considering: a) multiple attributes to describe/structure the decision problem; b) different types of "variables" in order to facilitate the expression of the preferences of the decisionmaker; c) the subjectivity of information that leads to the use of a "fuzzy" approach; d) an optimization perspective through the use of metaheuristics; and e) the dynamic aspects occurring when various projects take place simultaneously.
3 page 152; The proposed approach presents a hybrid algorithm that uses, for the first time in this domain (for our best knowledge), a multi-objective multi-period metaheuristic combined with the TOPSIS technique in a fuzzy environment, to search and rank potential VE configurations.
This work can also be of great relevance in the Professional Virtual Communities context, namely in research and development projects where coordinators try to find a group of persons with different skills and capacities for performing some specific research activities.
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